Summary The contribution of bullous emphysema (BE) to the functional impairment of patients with concomitant diffuse emphysema (DE) and the confounding effects of BE on functional measurements were investigated. Twentynine patients (Group I), with BE and DE were compared with a group of patients without BE matched, among other criteria, for radiographic extent of DE (Group II). Group I showed significantly lower PaO 2 ; FEV 1 and DLCO values and higher MRC score than Group II. In Group I the radiographic extent of BE and the extent of DE did not predict the functional impairment. The FEV 1 /FVC ratio in the subgroup with BE extent 425% of total lung volume was higher than in subgroups with BE extent 420% and 15%, respectively. In the same subgroups the correlation between DE and DLCO increased with the extent of BE. We conclude that BE contributes to the functional impairment of patients with concomitant DE. The confounding functional effect of bullae depends on BE extent: relatively milder obstruction can be observed with severe BE, whereas moderate BE causes modest deterioration of diffusing capacity, explaining the lack of functional-radiologic correlations in Group I. Therefore the computed tomographic scan is very useful in the work-up of BE with DE associated. r
pulmonary disease (COPD), especially emphysema. 1 However, bullae may occur in lungs that are otherwise normal. 2, 3 Consequently, patients with bullous lung disease can be subdivided in those with COPD associated (bullous emphysema-BE) and those without airways obstruction (primitive bullous disease-PBD). 4 Pulmonary function tests (PFTs) have remarkably practical value in distinguishing between localized bullae with otherwise normal lung and bullae in conjunction with underlying COPD. 2 Computed tomography (CT) can locate the bullae with considerable accuracy, even when their presence was not suspected on the basis of clinical and radiographic data. Therefore CT scan is the most useful single method of assessing the extent and localization of bullae and the possible association with diffuse nonbullous emphysema (DE). 1, 5 Furthermore, the role of CT scan is relevant in the follow-up of BE, due to the frequently observed association with lung cancer. 6 The surgical intervention of bullectomy is funded on the reexpansion of the normal lung that can therefore recover its elastic balance. The preoperative size of bullae is the most important contributor to the improvement in ventilatory capacity after bullectomy. 7 However, in patients with BE the intervention of bullectomy is not so successful as in patients with PBD, even if some of the treated subjects show a postoperative improvement of the clinical conditions and gas exchange, especially in the case of giant bullae. 8, 9 The functional changes expected with emphysema (hyperinflation, airflow limitation, impairment of diffusing capacity for CO [DLCO]) may be confounded by the functional changes caused by BE. 10 In PBD, PFTs usually show either no functional impairment or a restrictive defect. 2 Forced expired vital capacity (FVC) may be reduced, because the bulla behaves as a space occupying mass, while the airways passage is narrow. Consequently, the inspired gas arrives in the bulla very slowly. 5 Lung bullae may also contribute to the deterioration of diffusing capacity and DLCO is usually determined to distinguish between DE and localized bullae. 4 The aim of this study was to investigate the contribution of BE to the functional impairment of patients with concomitant DE by comparing the functional and radiologic features of these two types of emphysema. We also aimed at dissecting the confounding effects of lung bullae on the functional assessment.
Patients and methods

Patients
We compared the pulmonary function data and the dyspnea score of two different groups of nonasthmatic patients: Group I was affected by both BE and DE, while Group II was affected by DE only. The two populations were matched for gender, age, race, smoking history, body mass index (BMI) and extent of DE.
Twenty-nine patients (M/F 25/4), aged 51-82 years, affected by DE and BE were included in the study as Group I; all of them were former smokers ( Table 1) . Subjects of Group I were selected among patients with a diagnosis of COPD 11 and with radiologic evidence of BE and DE at High-resolution computed tomography (HRCT) scan. Bullae were defined as confluent areas of low density, arranged on single layer, with diameter of at least 1 cm, visible over two or more adjacent CT cuts, with a convex outline, thin walls and absence of lung tissue within the bulla. 5, 12 Bullae were distinguished from apical blebs, defined as intrapleural collections of air, bronchogenic cysts, cysts of honeycomb lung, cystic bronchiectasis and cysts of different origin, as pneumatoceles arising during an episode of Pneumocystis Carinii pneumonia. 5, 12 The population of Group II was selected among subjects with a diagnosis of COPD and radiologic evidence of DE at HRCT scan, while no evidence of lung bullae was found. Patients characteristics are shown in Table 1 . Patients with diseases other than emphysema, as interstitial lung diseases, collagen vascular diseases, sarcoidosis, asthma and obstructive sleep apneae syndrome were excluded from the study. Informed consent was obtained by all patients. As all investigations in this study are part of the normal procedure for the diagnosis and follow-up of emphysema of our department, the institutional ethics committee approval was not required.
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Study design
The radiographic extent of BE in Group I was quantified with a visual score (VS) from HRCT, while the extent of total emphysema both in Group I and II was evaluated with an automatic score (AS), obtained by helical CT and density mask program, provided with the GE light speed scanner (General Electric, Milwaukee, WI, USA). The radiographic extent of DE in Group I was then calculated by subtracting the extent of BE (VS) from the total AS. HRCT was performed in all patients together with the helical CT scan. Scores were obtained as explained in the CT scanning section.
The mean pressure inside the lung bullae is negative and shows a constant parallelism with the pleural pressure. The atelectasis of the surrounding areas, observed at times, is due to the elastic retraction of normal parenchyma and not to the compression by the bulla. 3 Consequently, the radiographic extent of DE and the radiodensity of lung parenchyma affected by DE are unlikely to be affected by the presence of bullae.
Pulmonary function data and dyspnea scores in Group I and II were then compared. PFTs were next correlated with the VS (in Group I) and the AS (in Group I and II).
CT scanning
HRCT was performed with the patient in the supine position during full inspiration, without intravenous injection of contrast material and using a filter for the osseous tissue. One mm thick sections were taken, with a 1 s scan time and an interval of 10 mm in the apex-basis scans, including both lungs in the field of view. Bullae observed in inspiration and expiration do not change size to any appreciable degree. 3 The extent of emphysema was obtained in all patients from multi-slice helical CT and 3D reconstruction of the lungs, including the voxels between À910 Hounsfield Units (HU-attenuation value referred to the water attenuation) and À1024 HU; then the AS was obtained (Volume with emphysema/Total Lung Volume). A GE light speed scanner was used. Manual exclusion of trachea and main bronchi was not performed, as their volumes are negligible in relation to the entire model. 13 Respiratory gating was not applied, as helical CT results are reproducible, even in its absence. 14 To quantify the BE in Group I we used a visual score, performed according to the method previously described. 15 Bullae were identified as described in the ''Patients'' section.
Two experienced radiologists, who were not aware of the specific aim of the study, independently examined and scored the HRCT scans; discrepancies were later solved by agreement.
Pulmonary function tests
Patients included in the study were examined in clinically stable conditions, without any sign of left ventricle dysfunction. Patients were required to abstain from receiving short-acting bronchodilators for at least 24 h, not to have experienced respiratory exacerbations in the previous month and not to be enrolled in a rehabilitation program in the previous two months. Patients were studied seated upright in a comfortable chair, with a nose clip on and care was taken to keep the neck at a fixed neutral position. 18 All manoeuvres were initiated from resting end-expiratory lung volume (functional residual capacity). The following parameters were studied in each patient:
Arterial O 2 ðPaO 2 Þ and CO 2 pressure ðPaCO 2 Þ and DðA À aÞPO 2 were obtained in the seated position, at rest for at least 30 min. Partial pressures were measured with a Radiometer Abl 520 gasanalyser.
PFTs were performed according to ATS guidelines. 16 FVC and forced expired volume in 1 s (FEV 1 ) were determined with a Morgan Transflow 544 pneumotachograph, after a fast inspiration and by minimizing the end-inspiratory pause. 17 Each subject maintained similar duration of maximal expiratory effort. The predicted spirometric values, static lung volume and DLCO values were from the European Coal and Steel Community. 19 
Dyspnea evaluation
The severity of chronic dyspnea, defined as ''unpleasant sensation of labored or difficult breathing'', was rated using the modified Medical Research Council (MRC) scale. [20] [21] [22] Verbal descriptors of MRC scale start from 0 (not troubled by dyspnea) to a maximum value of 5 (dyspnea for minimal effort).
Statistical analysis
Results are expressed as meanAESD. The differences between Groups I and II findings were investigated by using the two-tailed Student's t-test for independent variables. Correlations between PFTs and radiologic scores were examined using the twotailed Pearson correlation. Correlations between MRC score, radiologic scores and PFTs were investigated with the Spearman rank correlation, as the MRC score is an ordinal categorical variable. P-values o0:05 were regarded as significant. The SSPS software package was used (SPSS Inc., Chicago, IL, USA).
Results
Pulmonary function data of Groups I and II are shown in Table 2 . Group I, affected by BE with concomitant DE, and Group II, affected by DE only, were compared: PaO 2 ; FEV 1 and DLCO were significantly lower in Group I. The most significant difference between the two groups concerned DLCO. No significant difference was observed considering DðA À aÞPO 2 ; FVC, FEV 1 /FVC and IC. The MRC score was significantly higher in Group I.
Group I showed also total lung capacity calculated by helium dilution ðTLC HE Þ values significantly lower than Group II, while the residual volume measured with pletysmograph ðRV PL Þ was significantly higher. No significant difference was observed between the two groups regarding RV HE and TLC PL : The differences between RV PL and RV HE ; and between TLC PL and TLC HE were significantly higher in Group I ( Table 2) .
In Group I the radiographic extent of BE was a poor predictor of the functional impairment. No significant correlation was found between MRC score, PFTs and the extent of BE. Likewise, in the same group the radiographic extent of DE did not correlate significantly with PFTs and MRC score. It is noteworthy that the radiographic extent of overall emphysema, including both BE and DE, did not correlate with any PFT (Table 3) .
In contrast, in Group II DLCO was a good predictor of the disease extent (Fig. 1A) . Table 3 shows the correlations between PFTs, MRC score and DE radiographic extent in Group II. DðA À aÞPO 2 showed the best correlation with the MRC score (Fig. 1B) . The correlations between MRC score and PaO 2 ; FEV 1 and DLCO, respectively, were significant as well (Table 3) . In order to investigate the confounding effects of BE on the functional evaluation of COPD, we divided Group I in subgroups by using three different cut-offs: 15%, 20% and 25% of BE radiographic extent. Over 15%, the correlation between DE and DLCO increased with the extent of BE. The absence of significance in the latter subgroup was probably due to the small number of cases (Table  4A ). In contrast, in the subgroups with less than 15%, 20% and 25% of BE radiographic extent, respectively, no correlation between DLCO and the radiographic extent of DE was observed.
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In order to study the possible restrictive functional impairment due to BE, the FEV 1 /FVC ratio in the same subgroups mentioned above was considered. The FEV 1 /FVC ratio in the group with BE radiographic extent 425% showed a higher value than subgroups with BE radiographic extent 415% and 420%; respectively (Table 4B) . Furthermore, when the difference in the FEV 1 /FVC ratio between each couple of subgroups (½o15% À ½415%; ½o20% À ½420%; ½o25% À ½425%) was considered, we observed that it became smaller as the extent of BE increased (Table 4B) . Therefore, the obstructive impairment, mainly due to underlying DE and COPD, became relatively less evident with the increase of BE radiographic extent.
In the density histogram of CT we observed a bimodal distribution of lung density in the range between À910 and À1024 HU; corresponding to the density of emphysema (Fig. 2) . In our study this sign was present only in two patients: both of them presented a BE radiographic extent 430% of the total lung volume and a giant bulla occupying half of a lung. The more negative density peak, on the left, probably corresponds to the large bulla (Fig. 2) .
Discussion
In order to select those COPD patients who are more likely to benefit from lung volume reduction surgery (LVRS), the preoperative assessment is essential. The presence of DE reduces the functional improvement after bullectomy when compared to a resection of large bullae in the absence of DE. 23 The present study was designed to investigate the functional impact of BE in patients with concomitant COPD and DE and the confounding effect of bullae on the pulmonary function measurements. Our findings suggest that the extent of BE is to some extent responsible of the functional impairment, being the hypoxemia, the airflow obstruction and the diffusing capacity significantly worse in COPD patients affected by BE than in matched patients without bullae, after excluding other causes of functional deterioration. Patients with BE showed also a significantly higher dyspnea score.
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Bullae develop after retraction and collapse of surrounding lung away from a region of weakness. 3 Our findings can be explained by the contribution of lung bullae to the airways obstruction, due to their complete loss of elastic recoil. 24 The static elastic recoil pressure of the emphysematous lung is therefore further decreased. Even if the bullae remain in free communication with the airway, they do not significantly participate in the ventilation. 3 Furthermore, the chest wall mechanics is altered because of the loss of linkage with the nonbullous lung tissue, leading to increased chest wall work and worsening of hyperinflation and sensation of dyspnea.
A recent report demonstrated that in patients with both end-stage DE and BE, bullectomy is comparable to LVRS. 25 By repositioning the diaphragm and the chest wall, the intervention of bullectomy reduces the lung volumes and can be considered a special case of LVRS. 25, 26 These results further underline the important contribution of BE to the functional impairment in patients with concomitant DE.
The absence of significant correlations between the radiologic scores and the pulmonary function data in Group I suggested that the presence of BE has confounding effects on the functional assessment. Furthermore, no good predictors of exertional dyspnea were found among PFTs and radiologic scores. Our findings, shown in Table 4 , imply that the confounding functional effects of lung bullae in COPD patients follow two different directions: more extended BE (425% of total lung volume) shows a less evident obstructive ventilatory incapacity, while in less extended BE (o25% of total lung volume) no significant correlation between diffusing capacity and extent of DE is observed. Larger bullae occupy more space and are therefore responsible of a more evident restrictive impairment. Larger bullae are also tenser, due to the minor compliance of surrounding lung, that makes the pressure required to inflate it Figure 2 Inspiratory CT with 3D reconstruction. Emphysema amounts to 51.4% of the whole total lung volume. A bimodal distribution of lung density is observed. The more negative density peak, on the left, corresponds to a large bulla. exceed the pressure necessary to inflate the bulla. 24 Moreover, their larger volume further decreases their participation in ventilation; thus larger bullae may not participate to any important extent in gas exchange. On the other hand, smaller bullae, even if barely participate in ventilation, may still participate to some extent in gas exchange because of the presence of residual vascular internal surface. Consequently, in BE with DE associated we can expect either a milder obstructive incapacity, despite the presence of wider bullae, or absence of correlation between DE and DLCO, despite the considerable extent of DE.
Gould and coworkers showed that in patients with BE the major determinant of the respiratory function impairment is the severity of the emphysema in non-bullous lung. 10 In accordance with this study, we observed poor correlations between the extent of BE and the functional measurements. On the other hand, our findings partially contrast with that study, as we did not observed any correlation between the extent of DE and PFTs. The difference in the results is probably due to the heterogeneity between the populations studied: in study of Gould and coworkers the mean extent of BE was 27% of total lung volume, therefore the correlation between DLCO and DE was conserved. In our population the extent of BE was more limited ð15:2 AE 8:2%Þ; though the presence of bullae in Group I resulted in significantly lower TLC HE in comparison with Group II (Table 2 ).
In the density histogram of CT we describe a sign associated with severe BE: the presence of a bimodal distribution of the lung density, in the range between À910 and À1024 HU; corresponding to the density of emphysema (Fig. 2) . In our experience this finding was never observed in DE and is therefore specific for severe BE, and it was associated with the presence of a single large bulla (occupying 450% of a lung).
The main limit of this study is that a visual score was used to identify the BE, while an automatic score was used to assess the overall extent of emphysema. However, previous studies have shown that the visual score is as reliable as the density mask program in the quantification of emphysema, with no significant difference between the two techniques, when the CT scan is performed by an experienced radiologist. 27 In conclusion, BE complicating DE substantially contributes to the functional deterioration and causes significant confounding effects on the functional assessment. These results give a rationale for the opportunity of bullectomy intervention in patients with both bullous and non-bullous emphysema at advanced stage. Furthermore, they suggest that HRCT scan and helical quantitative CT scan are very useful in the work-up of BE, allowing a correct diagnosis of bullous disease, when the chest X-ray is only suggestive or negative, and clarifying the functional findings, that may be confounding.
